Macroautophagy/autophagy involves the formation of an autophagosome, a double-membrane vesicle that delivers sequestered cytoplasmic cargo to lysosomes for degradation and recycling. Closely related, endocytosis mediates the sorting and transport of cargo throughout the cell, and both processes are important for cellular homeostasis. However, how endocytic proteins functionally intersect with autophagy is not clear. Mutations in the DAF-2/insulin-like IGF-1 (INSR) receptor at the permissive temperature result in a small increase in GFP::LGG-1 foci, i.e. autophagosomes, but a large increase at the nonpermissive temperature, allowing us to control the level of autophagy. In a RNAi screen for endocytic genes that alter the expression of GFP::
Introduction
Autophagy is an evolutionarily conserved stress response pathway in eukaryotic cells that leads to the bulk degradation and recycling of cellular components through a lysosomal pathway. [1] [2] [3] [4] This process occurs at basal levels to maintain cellular homeostasis, but is significantly upregulated in response to stress, such as nutrient deprivation, hypoxia, damaged organelles, and the accumulation of defective/long lived proteins. 4 Autophagy is unique when compared with other membrane trafficking processes in that it involves the formation of a double-membrane vesicle, called the autophagosome. 1, 3, 5 In autophagy, vesicle formation begins with the activation of the serine/threonine kinase, UNC-51, and recruitment of the multispanning transmembrane protein ATG-9, which is important for providing membrane to the developing phagophore. [6] [7] [8] [9] [10] The class III phosphatidylinositol 3-kinase (PtdIns3K) complex, comprising the class III PtdIns3K VPS-34/PIK3C3, and its binding partner BEC-1, is then responsible for the nucleation of the phagophore and recruitment of additional autophagy proteins. 7, 11, 12 These additional proteins include 2 conjugation complexes, LGG-1 conjugated to phosphatidylethanolamine, and LGG-3 conjugated to ATG-5 and ATG-16.1/16.2. Both complexes are required for elongation and completion of the phagophore to form a mature autophagosome. [13] [14] [15] [16] In the process of autophagosome elongation, LGG-1 binds to the receptor protein, SQST-1, which recognizes and binds to polyubiquitinated protein aggregates and organelles destined for degradation. 17, 18 Lastly, the autophagosome fuses with the lysosome leading to the degradation and recycling of cellular constituents, which is dependent on the late endocytic protein, RAB-7, and the autophagy proteins, EPG-5 and LGG-2.
GTPases, which recruit effector proteins needed for vesicle transport and membrane fusion, and SNARE proteins, such as syntaxins, important for vesicle fusion to target membranes. [24] [25] [26] These proteins function to tightly regulate cargo sorting and transport, which similar to autophagy, are important for cellular homeostasis and function.
Evidence for crosstalk between autophagy and endocytosis has been demonstrated. [27] [28] [29] [30] For example, in mammalian cells, ATG14/Barkor, a BECN1-binding partner important for phagophore nucleation, 31 interacts with the protein SNAPIN, a SNARE-associated protein important for endocytic trafficking. 32, 33 Together, both ATG14/Barkor and SNAPIN regulate the endocytic degradation of the epidermal growth factor receptor. 34 Additionally, in C. elegans, yeast, and mammals, the small GTPase RAB-7, an important regulator of the late endocytic pathway, [35] [36] [37] is important for fusion of autophagosomes with lysosomes to form autolysosomes. 19, [38] [39] [40] Although it is clear that both autophagy and membrane trafficking are 2 interconnected processes, the extent to which membrane trafficking proteins function in autophagy and how these proteins contribute to autophagosome biogenesis, are still not well understood.
Here, we show that the small GTPase, RAB-10, is important for autophagosome biogenesis and autophagic flux. In C. elegans and mammals, RAB-10 mediates the efficient recycling of basolaterally derived cargo in polarized epithelial cells, and facilitates the transport of cargo important for various aspects of neuronal development, such as dendritic arborization and axonal growth. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] We find that a rab-10 loss of function mutation, or depletion by RNAi, alters the localization of foci labeled with the autophagosome reporter, GFP::LGG-1. RAB-10 is also required for the degradation of SQST-1::GFP, as an increase in the size of SQST-1::GFP-positive structures was observed in rab-10 loss of function mutants. Interestingly, we find that RAB-10 is required for normal levels of autophagic flux, which is defined as the transit from autophagosome formation to degradation. 51 In all, our results demonstrate that RAB-10 promotes autophagy in C. elegans.
Results
Identifying the small GTPase, rab-10, as a mediator of autophagy function
To investigate the role of endocytic genes in autophagy, we performed an RNAi screen for endocytic genes that when depleted, resulted in dauer-defective phenotypes and/or the mislocalization of the autophagy reporter, GFP::LGG-1, in daf-2(e1370) temperature sensitive mutants.
52-54 daf-2 encodes the insulin-like/IGF-1 receptor (INSR) in C. elegans, which is an evolutionarily conserved upstream regulator of autophagy.
55-58 daf-2(e1370) mutants display a dauer constitutive (Daf-c) phenotype at the nonpermissive temperature, which was previously shown to require autophagy. 52 When grown at the permissive temperature, daf-2(e1370) mutants do not display a Daf-c phenotype, can reach adulthood, and have a long life span that is also dependent on autophagy activity. [52] [53] [54] [59] [60] [61] Compared to wild-type animals, which have basal levels of autophagy, daf-2(e1370) mutants have elevated levels of autophagy at the permissive temperature, with an even greater increase of autophagy at the nonpermissive temperature. 52 In C. elegans, autophagy can be visualized with the autophagy reporter, GFP::LGG-1, in hypodermal seam cells, a cell type that has been shown to undergo remodeling during dauer formation. 52, 62 RNAi-mediated depletion or loss of function mutations of autophagy genes in daf-2 dauers, results in the formation of enlarged GFP::LGG-1-positive punctate structures in seam cells, a phenotype indicative of defective autophagosomes (Fig. S1) . 52, 63, 64 From a collection of 74 RNAi clones that have previously been shown to be required for endocytosis, 65 inactivation of several genes resulted in the formation of enlarged GFP::LGG-1-postive foci in daf-2 dauers (Fig. S1) . One of the genes found in our screen encoded for the small GTPase RAB-10 ( Fig. S1A and B) . Interestingly, the GFP::LGG-1-positive foci in the daf-2; rab-10(RNAi) animals appeared comparable in size to that of daf-2; atg-7 (RNAi) or daf-2; atg-18(RNAi) animals, and slightly smaller than those observed in daf-2; bec-1(RNAi) or daf-2; unc-51 (RNAi) animals. Since UNC-51 (in mammals ULK1/2) acts at the inductive step, and BEC-1 (in mammals BECN1) acts at the nucleation step, we hypothesized that RAB-10 may function at a later step in the autophagy process (for autophagy genes in C. elegans, S. cerevisiae, and mammals, see Table S1 ). From our screen, we also identified several genes previously shown to be required for autophagy, such as genes that encode part of the ESCRT (endosomal sorting complex required for transport)-related machinery, confirming the validity of our screen ( Fig. S1A and B) . 19, 38, 40, 66, 67 RAB-10 is required for proper localization of GFP::LGG-1 in hypodermal seam cells
To evaluate how RAB-10 is required for autophagy, we investigated the phenotype of a null allele for rab-10, ok1494, in daf-2 mutants, and assessed changes in the number and size of GFP::
LGG-1-positive foci, at the permissive temperature (L3, nondauer larvae) where autophagy levels are mildly elevated, and in animals grown at the nonpermissive temperature (dauer larvae), where autophagy levels are high.
In daf-2 dauers, otherwise wild-type for rab-10, GFP::
LGG-1 foci are localized in close proximity to one another (Fig. 1A) . We assayed the number of GFP::LGG-1-positive foci in daf-2; rab-10, and in daf-2; atg-7, or daf-2; atg-9 double mutant dauers, as autophagy-deficient controls (Fig. 1A to C) . daf-2; rab-10 double mutant dauers displayed a reduction in the number of GFP::LGG-1-positive foci in seam cells, yet larger in size, when compared with those in daf-2 single mutant dauers (Fig. 1A to C) . Similar results were obtained in daf-2(e1370) dauers that carry the atg-7 or atg-9 null mutations (Fig. 1A to C) . These results suggest that rab-10 is required for autophagosome biogenesis.
daf-2 animals, otherwise wild-type for rab-10, when grown at the permissive temperature until the L3 larvae stage, display low levels of GFP::LGG-1-positive foci that are not in very close proximity (Fig. 1D ). daf-2; rab-10 double mutant L3 larvae had a significant increase in the number, but no change in the size, of GFP::LGG-1-positive foci, when compared with control daf-2 single mutants ( Fig. 1D  to F) . In contrast, we found that daf-2; atg-7 or daf-2; atg-9 double mutants display a decrease in the number, and an increase in the size of GFP::LGG-1-positive foci, compared with control daf-2 single mutants ( Fig. 1D to F) . Overall, these results suggest that RAB-10 plays a role in autophagosome formation, however, we note that RAB-10 may function in a step of the autophagy pathway distinct from core autophagy proteins. In summary, RAB-10 is required for the proper number and morphology of GFP::LGG-1-positive foci, under both mild and moderate levels of autophagy activity.
RAB-10 is required to maintain basal levels of autophagy
Basal levels of autophagy ensure cellular homeostasis and prevent the accumulation of protein aggregates and damaged mitochondria or organelles. [68] [69] [70] To investigate if RAB-10 was required for basal levels of autophagy, we measured the number and size of GFP::LGG-1-positive foci in rab-10 single mutants, otherwise wild-type for daf-2.
40,71,72 As previously reported, rab-10 mutants had an increase in the number of GFP::
LGG-1- LGG-1 foci; arrows point to enlarged GFP::
LGG-1 foci. Magnification 630X. scale bar: 2 mm. n.s., not significant.
positive foci in seam cells (Fig. S2A to C) . 73 However, we found that rab-10 mutants have smaller GFP::LGG-1-positive foci, when compared with wild-type animals (Fig. S2C) . The number of GFP::LGG-1-positive foci in atg-7 or atg-9 single mutants did not change, when compared with wild-type animals; but the size of the GFP::LGG-1 foci was significantly increased (Fig. S2A to C) . The elevated number of GFP::LGG-1-positive foci in rab-10 single mutants, and in daf-2; rab-10 non-dauers, together with the enlarged GFP::LGG-1-positive foci in daf-2; rab-10 dauers, suggests that RAB-10 may be required for autophagic flux, and that different levels of autophagy activity may influence the defects associated with the loss of rab-10 activity. A reduction in the number of functional autophagosomes may be evidenced by the accumulation of GFP::LGG-1-positive foci, or the increase in size of GFP::LGG-1 punctate structures.
RAB-10 is required for autophagy flux in C. elegans
To investigate whether RAB-10 is important for autophagic flux, we treated animals with chloroquine, a lysomotropic agent that neutralizes the acidic pH of the lysosome and inhibits lysosomal activity, decreasing autophagic flux. 74 In cells with normal autophagic flux, chloroquine treatment results in an increase in the number of GFP::LGG-1 foci, due to the failed lysosomal degradation of GFP::LGG-1-positive autophagosomes. In cells with a disruption in autophagic flux, treatment with chloroquine has no further increase in the number of GFP::LGG-1 foci.
Chloroquine treatment of wild-type animals increased the number and size of GFP::LGG-1-positive foci in seam cells of treated animals, compared with nontreated animals ( Fig. 2A to C), as expected for a block in autophagic flux. Importantly, chloroquine treatment of rab-10 mutants resulted in no further increase in the number or size of GFP::LGG-1 foci, when compared with the nontreated controls ( Fig. 2A to C) , suggesting that the loss of rab-10 blocks autophagic flux. To validate our methodology, we treated atg-7 single mutants with chloroquine and found that similar to rab-10 mutants, both treated and nontreated atg-7 mutants had a similar number and size of GFP::LGG-1-positive foci ( Fig. 2A to C) . Our results suggest that autophagic flux is defective in rab-10 mutants and that the increase in GFP::LGG-1-positive punctate structures in rab-10 mutants results from an accumulation of phagophores.
We next investigated the role of RAB-10 in promoting autophagy flux in daf-2 dauers ( Fig. 2D and 2E ). We used daf-2 mutants that coexpress GFP::LGG-1, and LMP-1::tagRFP, a lysosomal reporter, and treated them throughout development with dsRNA specific to rab-10, atg-7, or the Arf-like GTPase arl-8, a mediator of lysosomal biogenesis. 75 We reasoned that under normal conditions, the colocalization of GFP::LGG-1 and LMP-1::tagRFP-positive foci would represent the fusion of autophagosomes with lysosomes. Conversely, under autophagy flux-disrupted conditions, we would expect to see a decrease in the colocalization of GFP::LGG-1 and LMP-1::tagRFP, or a complete lack of colocalization of the autophagosome and lysosome reporters. In daf-2 dauers treated with control dsRNA, colocalization of LMP-1::tagRFP and GFP::
LGG-1-positive vesicles was observed ( Fig. 2D and E) . However, daf-2 mutants treated with rab-10 RNAi displayed a reduction in the colocalization of GFP::LGG-1 and LMP-1::tagRFP, when compared with daf-2 mutants treated with control RNAi (Fig. 2D and E) , confirming a role for RAB-10 in autophagic flux. Similarly, the colocalization of LMP-1::tagRFP and GFP::LGG-1 was strongly reduced in atg-7 and arl-8 RNAi depleted animals, confirming defects in autophagic flux in these animals ( Fig. 2D and E) . Our results indicate that RAB-10 is required to promote autophagic flux in C. elegans.
RAB-10 loss results in an enlargement of SQST-1::GFP foci SQST-1 is the C. elegans ortholog of the autophagy cargo receptor protein, SQSTM1, which mediates the autophagic degradation of poly-ubiquitinated cargo, by binding to LC3/LGG-1. 17, 18 In both non-dauer and dauer animals, SQST-1::GFP is expressed in the pharynx/head, vulva, and tail (data not shown). RNAi-mediated depletion or loss of function mutations in autophagy genes, including genes important for autophagic flux, results in the formation of enlarged SQST-1::GFP-positive punctate structures throughout the worm. 17, [76] [77] [78] To determine if RAB-10 is required for SQST-1::GFP degradation by autophagy, we examined the expression levels of the SQST-1::GFP reporter in daf-2; rab-10 double mutants, grown at the permissive and restrictive temperatures (Fig. 3) . We found that daf-2; rab-10 dauer and non-dauer animals contained larger SQST-1::GFP-positive punctate structures, when compared with daf-2 single mutants otherwise wild-type for rab-10 ( Fig. 3A and B) , suggesting that RAB-10 is required for the normal degradation of SQST-1::GFP. We observed a slight increase, although not significant, in the average number of SQST-1::GFP positive structures in daf-2; rab-10 non-dauer double mutants, when compared with daf-2 non-dauer single mutants. Interestingly, daf-2 dauers (raised at the restrictive temperature) displayed a decrease in the number, but an increase in the size of SQST-1::GFP punctate structures, when compared with the daf-2 single mutant control animals (Fig. 3B) . Altogether, our results suggest that rab-10 is required for the proper degradation of SQST-1::GFP during autophagy inducing conditions, and these results further support our observations that RAB-10 is required for autophagic flux.
RAB-10 is required for trafficking of GFP::ATG-9
In yeast and mammals, autophagosome formation requires the constant cycling of the sole transmembrane protein, Atg9/ ATG9, from membrane-bound organelles to the phagophore assembly site, and vice versa. 8, 10, 11, [79] [80] [81] In yeast, Atg9 localizes to mitochondria, Golgi, recycling endosomes, and unique vesicles referred to as "Atg9 reservoirs," 80 while in mammals, ATG9 is found on Golgi, early endosomes, late endosomes, recycling endosomes, and similarly on ATG9-specific vesicles that could also be referred to as "ATG9 reservoirs." 8, [82] [83] [84] The localization of Atg9/ATG9 to phagophores, is a transient process, where once Atg9/ATG9 is localized to the phagophore assembly site, it is quickly recycled back to the periphery. 80, 84 In yeast, the anterograde trafficking of Atg9 to the site of autophagosome formation is dependent on Sec4, the yeast ortholog of RAB-10. 85 In mammals, ATG9 translocates to phagophores in an ULK1-and PtdIns3K-dependent manner. 8, [82] [83] [84] To test whether RAB-10 plays a role in ATG-9 trafficking in C. elegans, we examined GFP::ATG-9 localization in the intestine of rab-10 loss of function mutants. GFP::ATG-9-positive punctate structures were visualized in the apical and basolateral regions of intestinal cells (Fig. 4, 5) . GFP::ATG-9-positive punctate structures may represent endocytic compartments, since its mammalian orthologs associate with similar compartments in mammals. 8, 83, 84 We evaluated GFP::ATG-9 localization in the intestinal cells of daf-2; rab-10 mutants compared with the daf-2 single mutant controls (Fig. 4A to C) , and found that loss of rab-10 had no effect on the number of GFP::ATG-9-positive punctate structures in daf-2 dauer or non-dauer animals ( Fig. 4A and B) . However, loss of rab-10 resulted in a significant change in the size of the intestinal GFP:: ATG-9-positive structures in daf-2 dauer and non-dauer animals, when compared with controls. GFP::ATG-9-positive structures were significantly larger in dauer animals ( Fig. 4A and C) , where autophagy is significantly elevated. These data show that RAB-10 may be required to provide GFP::ATG-9 membrane to the phagophores, or be involved in the retrieval of ATG-9. Another possibility is that RAB-10 involvement in recycling may indirectly alter the trafficking of GFP::ATG-9 to the sites of autophagosome formation. To verify that RAB-10 is required for autophagy in the intestine, similarly to what was observed in seam cells, we examined an intestinal mCherry::LGG-1 reporter in daf-2 dauer and nondauer animals (Fig. S3) . Non-dauer daf-2 mutant animals displayed mCherry::LGG-1 localized to the apical plasma membrane and its expression was mostly diffuse with occasional punctate structures (Fig. S3A) . In daf-2 dauers, mCherry::LGG-1 expression was more punctate in nature ( Fig. S3A and S3D) . Interestingly, the daf-2; rab-10 non-dauers (raised at the permissive temperature) displayed an increase in the number of intestinal mCherry::LGG-1-positive foci, but no change in size, when compared with daf-2 non-dauer controls (Fig. S3B and  C) . daf-2; rab-10 dauers (raised at the restrictive temperature) had an increase in the size of GFP::LGG-1 foci, although no further accumulation in the number of mCherry::LGG-1-positive foci was observed, when compared with daf-2 dauers, otherwise wild-type for rab-10. LGG-1 foci in the intestine, but no change in the size of GFP::
LGG-1 foci, when compared with wild-type control animals ( Fig. S3D to F) . These data show that RAB-10 is also required for autophagy in intestinal cells, and the loss of rab-10 may significantly change the number or the size of autophagy reporters depending on the level of autophagy induction.
GTPase cycling of RAB-10 is required for GFP::ATG-9 traffic in intestinal cells
Essential to the function of RAB GTPases is their ability to cycle between GTP-bound (active) and GDP-bound (inactive) states. 23, 25 In the GTP-bound state, RAB GTPases associate with membranes and bind to effector proteins important for cellular processes, such as vesicle transport and/or membrane fusion events. In the GDP-bound state, they dissociate from their effector proteins and become cytosolic. 23, 25 It is well established that GTPases in the active form are important for membrane trafficking events, 23, 25, 26 and thus, we hypothesized that this would also be true for RAB-10 and autophagy.
To determine if the GTP-bound form of RAB-10 is required for autophagy, we investigated the rescue potential for tagRFP:: RAB-10(wt) or tagRFP::RAB-10(Q68L); Q68L is an amino acid change in the GTP hydrolysis domain that results in constitutive binding to GTP (Fig. 5) . 86 rab-10 deletion mutants displayed a decrease in the number and size of intestinal GFP:: ATG-9 foci (Fig. 5A to C) , suggesting that RAB-10 is responsible for the recruitment of GFP::ATG-9 to vesicular structures, or potentially in the retrieval step from autophagosomes. Expression of the RFP::RAB-10(wt) transgene mostly rescued the reduced number and the decreased size of GFP::ATG-9-positive foci in rab-10 deletion mutants (Fig. 5A to C) . Interestingly, we found that expression of tagRFP::RAB-10(Q68L) only partially rescued the reduced size of intestinal GFP::ATG-9-positive foci and failed to rescue the decrease in the number of GFP::ATG-9-positive foci of rab-10(ok1494) mutants (Fig. 5A to C). These results show that the constitutively active form of RAB-10 is not sufficient to rescue the altered size and number of GFP::ATG-9 foci in rab-10 mutants, and indicate that the cycling between the GDP and GTP bound forms of RAB-10 may be required for the recruitment of GFP::ATG-9 to punctate structures, or that alternatively, RAB-10 may be required for the retrieval of ATG-9.
In an effort to better understand the function of RAB-10 in the trafficking of ATG-9, we investigated the colocalization between RAB-10 and ATG-9 and failed to observe significant colocalization (Fig. S4 ) between RFP::ATG-9 and GFP:: RAB-10 in daf-2 mutant L3 non-dauer animals or dauers. We note that dauers had rare colocalization of the 2 markers but the Pearson correlation coefficient remained negative. Thus, the role of RAB-10 in ATG-9 localization may not be direct. Similarly, we investigated the colocalization of ATG-9 and LGG-1 in rab-10 mutants. A CERULEAN::VENUS::LGG-1 reporter, referred to as dFP::LGG-1 was used, 87 because it is only expressed in the intestine and contained less background fluorescence, to measure the colocalization between LGG-1 and ATG-9. We found that in rab-10 loss of function mutants, there was no change in the level of colocalization between tagRFP:: ATG-9 and dFP::LGG-1 (Fig. S5) .
Discussion
In conclusion, the small GTPase RAB-10 is required for autophagy flux in C. elegans. Compared to daf-2 single mutant dauers, we observed that daf-2; rab-10 double mutant dauers have enlarged GFP::LGG-1-positive foci in the seam cells, as well as enlarged mCherry::LGG-1-positive foci in the intestine. The number of GFP::LGG-1-positive foci decreased in daf-2; rab-10 double mutant dauers, when compared with daf-2 dauers, but did not show a significant change with the mCherry::LGG-1 reporter in the intestine. When comparing the accumulation of mCherry::LGG-1 foci in the intestine, and the accumulation of GFP::LGG-1 foci in hypodermal seam cells, it is important to note that mCherry is insensitive to acid quenching and degradation in lysosomes, and thus slight differences in the accumulation of the 2 reporters can be expected. We observed consistent results between the number of GFP::LGG-1 and mCherry::LGG-1-positive foci in both the intestine and seam cells, as we found an increase in the number of either reporter in daf-2; rab-10 mutants when compared with the daf-2 non-dauer L3 larvae. Clearly, when compared with daf-2 single mutants, the change in number and size of LGG-1-labeled foci in the intestine, and hypodermal seam cells, of daf-2; rab-10 double mutants, suggest a defect in autophagosome biogenesis.
SQST-1::GFP-positive punctate structures were also increased in the daf-2; rab-10 double mutant dauers. Our results indicate a disruption in autophagic flux in rab-10 mutants. To determine this, we found that treatment of rab-10 mutants with chloroquine to inhibit lysosomal activity, did not increase the number of GFP::LGG-1-positive foci in seam cells, when compared with control mock-treated rab-10 mutants. We also found that the colocalization of GFP::LGG-1 and LMP-1::tagRFP was significantly reduced in daf-2; rab-10 dauers. We conclude from these experiments that RAB-10 is required for autophagosome degradation or autophagic flux. However, we cannot exclude the possibility that RAB-10 has an earlier role in the autophagy pathway, such as in autophagosome induction. We also have not excluded that the RAB-10 recycling function is important at this step.
In yeast, the anterograde transport of Atg9 is dependent on Sec4, and the Sec4-dependent guanine nucleotide exchange factor, Sec2, as well as the SNARE proteins, Tlg2, Sec22, and Sso1. 85, 88 Defects in Atg9 cycling in yeast results in defects in autophagy dynamics and flux. 8, 11, 79, 89 Our results show that the localization of GFP::ATG-9 to punctate structures depends on RAB-10 function. rab-10 mutants have a reduction in the number and size of GFP::ATG-9-positive punctate structures in epithelial intestinal cells, which was rescued only by the expression of the tagRFP::RAB-10(wt) transgene, and not by the GTP-locked RAB-10 mutant, suggesting RAB-10 GTPase cycling is required for proper ATG-9 localization. In daf-2 mutants, the loss of rab-10 altered the size of GFP::ATG-9 foci, since non-dauer L3 larvae had smaller sized GFP::ATG-9 punctate structures and dauer animals had larger GFP::ATG-9 punctate structures. Thus, RAB-10 may be important for recruiting ATG-9 to punctate structures and/or regulating ATG-9 trafficking dynamics. Finally, transgenic rescue experiments demonstrated that the GTP locked RAB-10 GTPase transgene failed to rescue the changes in size or number of GFP::ATG-9-positive structures in rab-10 mutants completely, suggesting that the GTPase cycling activity is required.
Overall, our data show that the small GTPase RAB-10, a major regulator of basolateral recycling in polarized cells, also positively regulates autophagic flux in C. elegans, possibly by facilitating the proper localization of GFP::ATG-9 to endocytic compartments, which in turn is required for the initial steps of autophagosome formation. However, in experiments where we evaluated colocalization between RAB-10 and ATG-9, using tagRFP::ATG-9 and GFP::RAB-10, colocalization was rarely observed in L3 larvae or dauer animals. This may suggest that RAB-10 is not found on the same vesicles as ATG-9, or that both proteins transiently interact beyond detection levels. In addition, we also evaluated the colocalization between LGG-1 and ATG-9 in rab-10 loss of function mutants, using CERULEAN::VENUS::LGG-1 (referred to as dFP::
LGG-1) and tagRFP::ATG-9 reporters. Interestingly, we found that the level of colocalization between dFP::LGG-1 and tagRFP::ATG-9 was unchanged in rab-10 mutants. This suggests that ATG-9 can localize to autophagosomes in the absence of RAB-10. Our findings suggest that the accumulation of autophagosomes is due to defective autophagy flux, and that RAB-10 may act on the fusion of autophagosome with recycling endosomes, or on the retrieval of ATG-9 from autophagosomes and autolysosomes.
Materials and methods

C. elegans strains
All strains were maintained on standard OP50 Escherichia coli diet. 71 daf-2(e1370) strains were analyzed at the permissive temperature (15 C) for L3 larvae or the restrictive temperature (25 C) for dauer larvae. A full list of strains is found in Table S2 .
Construction of ATG-9 transgenic strains
Construction of the GFP and tagRFP::ATG-9 transgenes (for izIs90 and izIs91, respectively) was performed using the Gateway Technology BP clonase II system (ThermoFisher Scientific, 11789-100), and LR clonase II system (ThermoFisher Scientific, 12538-120). To specifically express the GFP::ATG-9 and tagRFP::ATG-9 transgenes in the intestine, a vha-6 promoterdriven-vector, modified with a Gateway cassette, was inserted at the EcoRI or NaeI site, downstream of the GFP or RFP coding region. The atg-9 cDNA was amplified by PCR (Biorad MyCycler Thermal Cycler, 170-9703, Hercules, CA, USA) using the Herculase II high-fidelity DNA polymerase kit (Agilent technologies, 600677) and primers with modified attB sites, 90 from an initial clone kindly gifted by Dr. Daniel Col on Ramos. The resulting PCR product was cloned into the Gateway pDONR221 entry vector via the BP-clonase II reaction. The pDONR221 vectors containing the atg-9 cDNA were then subcloned into the modified vha-6 promoter-driven-vector via the LR-clonase II reaction. Integrated transgenic lines were isolated by microparticle bombardment. 91 
Microscopy and image analysis
Live worms were mounted on 3% agarose pads with 50 mM sodium azide (ThermoFisher Scientific, 26628-22-8) in M9 buffer (22 mM KH 2 PO 4, 22 mM Na 2 HPO 4, 85 mM NaCl, 1 mM MgSO 4 ). Fluorescence images were obtained using an Axioimager M2 microscope equipped with a CCD camera (Carl Zeiss microscopy, Goettingen, Germany), captured using the Axiovision release 4.8 software (Carl Zeiss microscopy, Germany), and deconvolved using the Axiovision 3D deconvolution module (Carl Zeiss microscopy, Germany). To obtain confocal images, we used a Leica TCS-SP5 laser scanning confocal microscope (Leica microsystems, Mannheim, Germany), equipped with a PMT (photomultiplier) detector, and captured images with the Leica Application Suite AF software (Leica microsystems, Germany). All images were acquired as z-stacks at a thickness of 0.5 microns. Quantification of images was performed using the open source software FIJI (FIJI is just ImageJ, National Institutes of Health, USA).
For quantification of fluorescently labeled punctate structures, in seam cells and/or intestinal cells, z-stacks were converted to maximum intensity projections using either the GFP or RFP/ mCherry channel, and adjusted using the subtract background option in FIJI. Foci/punctate structures were then isolated by thresholding-based segmentation. GFP::LGG-1, mCherry::LGG-1, and GFP::ATG-9 foci 0.01mm, 2 and SQST-1::GFP foci 0.069 mm 2 , were quantified. For quantification of intestinal foci, a consistent region of interest was selected for the anterior and posterior intestine. To analyze the mCherry::LGG-1 expression in the intestine, we measured the number and size of mCherry;:LGG-1-positive foci in the posterior region of the intestine only, since this region consistently expressed the mCherry::LGG-1 transgenic reporter. In the seam cells of dauer animals, the size of GFP::LGG-1 foci was quantified by scanning through z-slices, and adjusting the threshold to highlight the entire area of individual foci found. The add to manager tool in FIJI was used to ensure a single foci was not counted more than once. For colocalization analysis, the colocalization threshold plugin in FIJI was used to calculate the Pearson correlation coefficient (R). For colocalization analysis in seam cells, a single z-slice corresponding to the mid-region of each seam cell was used to determine Pearson correlation coefficient between GFP::LGG-1 and LMP-1::RFP. For colocalization analysis in intestinal cells, single z-slices with the greatest amount of GFP and RFP-positive foci were chosen. Autofluorescent vesicles labeled with the DAPI filter were removed from green and red channels using the image calculator feature, and both channels were adjusted using the subtract background option.
RNA interference
RNAi experiments for the candidate gene screen were performed as described previously, 92 with slight modifications. In short, daf-2 (e1370) L4 larvae were placed overnight at 15 C on NGM growth plates (17% Agar, 3% NaCl, 2.5% Peptone, 5 mg/mL cholesterol in ethanol, 1 mM CaCl 2, 1 mM MgSO 4 , 25 mM KPO 4 ) supplemented with 2 mM IPTG (Lab Scientific, I-555), 50 mg/ml carbenicillin (ThermoFisher Scientific, BP2648-5) and HT115 bacteria containing dsRNA expression vectors (RNAi plates). F1 progeny from mothers were synchronized as L1 larvae and transferred to 25 C on RNAi plates, and were allowed to grow at this temperature until reaching the dauer larval stage. Image acquisition and analysis was performed as described above. For RNAi clones resulting in embryonic lethality, synchronized progeny were fed dsRNA at the start of L1 and analyzed when they reached the dauer stage. For the RNAi screen, dauer animals were evaluated for changes in the localization of GFP::LGG-1 in seam cells, and RNAi clones that altered GFP::
LGG-1 localization were considered as positives. RNAi clones were obtained from the Ahringer 93 and Vidal 94 genomic RNAi libraries and were sequence verified using the M13-forward primer. For all RNAi experiments, the empty vector, L4440, was used as a control.
Chloroquine treatment
Standard NGM plates seeded with OP50 were UV-treated at 500 J/cm 2 for 10 min using a Spectrolinker XL-1000 UV-crosslinker (ThermoFisher Scientific, 11-982-20, Pittsburgh, PA, USA). UV-treated plates were then supplemented with either 30 mM chloroquine (Sigma-Aldrich, 50-63-5) or dH 2 O as a control. Animals were raised on live OP50 NGM plates at 20 C and synchronized as L1 larvae. L1 larvae were then transferred onto UV treated plates with either chloroquine or control, and allowed to grow at 20 C until they reached the L3 larval stage.
Statistical analyses
Statistical analysis was done using an unpaired, 2-tailed Student t test. All data are presented as mean § SEM, unless otherwise specified. Statistical significance was declared at P value 0.05, 0.01 or 0.001. Statistical parameters are specified in each figure legend. 
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